Generation of highly-polarized high-energy brilliant $\gamma$-rays via
  laser-plasma interaction by Xue, Kun et al.
Generation of highly-polarized high-energy brilliant γ-rays via laser-plasma interaction
Kun Xue,1, ∗ Zhen-Ke Dou,1, ∗ Feng Wan,1 Tong-Pu Yu,2 Wei-Min Wang,3 Jie-Ru
Ren,1 Qian Zhao,1 Yong-Tao Zhao,1 Zhong-Feng Xu,1 and Jian-Xing Li1, †
1MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter,
School of Science, Xi’an Jiaotong University, Xi’an 710049, China
2Department of Physics, National University of Defense Technology, Changsha 410073, China
3Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,
Renmin University of China, Beijing 100872, China
(Dated: March 17, 2020)
Generation of highly-polarized high-energy brilliant γ-rays via laser-plasma interaction has been
investigated in the quantum radiation-reaction regime. We employ a quantum-electrodynamics
particle-in-cell code to describe spin-resolved electron dynamics semiclassically and photon emission
and polarization quantum mechanically in the local constant field approximation. As an ultrastrong
linearly-polarized (LP) laser pulse irradiates on a near-critical-density (NCD) plasma followed by an
ultrathin planar aluminum target, the electrons in NCD plasma are first accelerated by the driving
laser to ultrarelativistic energies, and then head-on collide with reflected laser pulse by the aluminum
target, emitting brilliant LP γ-rays due to nonlinear Compton scattering with an average polarization
of about 70% and energy up to hundreds of MeV. By comparison, as a conical gold target filled with
NCD plasma is employed, the linear polarization degree, collimation and brilliance of emitted γ-ray
beam are all significantly improved due to the enhanced strong laser-driven quasi-static magnetic
field in plasmas. Such γ-rays can be produced with currently achievable laser facilities and find
various applications in high-energy physics and astrophysics.
I. INTRODUCTION
Polarized high-energy γ-rays have a plenty of significant
applications, e.g., generating polarized positrons and elec-
trons [1, 2], probing radiation mechanisms and properties
of dark matter [3] and black hole [4], exciting polarization-
dependent photofission of the nucleus in the giant dipole
resonance [5], yielding meson-photoproduction [6], and
detecting vacuum birefringence in ultrastrong laser fields
[7–11]. Such γ-rays are commonly produced through ei-
ther bremsstrahlung [12, 13] or linear Compton scattering
[14–16]. However, the former can not generate linearly
polarized (LP) ones and has deficiencies of large scat-
tering angle and emission divergence in the incoherent
regime [17], and is limited by low current density of the
impinging electrons and radiation flux due to the dam-
age threshold of the crystal materials in the coherent
regime [18–20]. While, the latter is severely restricted by
the low electron-photon collision luminosity due to the
low laser intensities.
Nowadays, with rapid developments of strong laser tech-
niques, state-of-the-art laser facilities can provide laser
beams with a peak intensity of about 1022 W/cm2, pulse
duration of about tens of femtoseconds and energy fluctu-
ation ∼ 1% [21–27], which stimulate experimental inves-
tigation on quantum electrodynamics (QED) processes
during laser-plasma or laser-electron beam interactions
[28, 29]. Such strong laser fields can be employed to
directly polarize electrons [30–36] due to radiative spin
effects and create polarized positrons [37, 38] because of
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asymmetric spin-resolved pair production probabilities.
Moreover, in such strong laser fields Compton scatter-
ing process moves into the nonlinear regime: during the
laser-electron interaction the electron radiates a high-
energy γ photon via absorbing millions of laser photons
[28]. And, highly-polarized high-energy brilliant γ-rays
can be generated via nonlinear Compton scattering in
laser-electron beam interaction [39–41]. In ultrastrong
laser fields, the radiation formation length is much smaller
than the laser wavelength and can not carry the driving
laser helicity. Thus, the circular polarization of emitted
γ-photons is transferred from the angular momentum (he-
licity) of electrons [41]. While, generating LP γ-photons
does not require the electron polarization [42]. Generated
polarized high-energy γ-photons further interacting with
the laser fields could produce electron-positron pairs via
multiphoton Breit-Wheeler process [43–46], and the pho-
ton polarization significantly affects the pair production
probabilities [17, 42, 43, 47–50].
Recently, all-optical γ-photon sources have attracted
broad interests [51–54]. Usually, brilliant high-energy
γ-rays are generated experimentally or proposed theo-
retically via bremsstrahlung [55, 56], nonlinear Thomson
scattering [53, 54], synchrotron [57, 58], betatron [59, 60],
electron wiggling [61], and nonlinear Compton scattering
[62–65]. However, in those innovative works the informa-
tion of the γ-photon polarization is overlooked hastily,
which actually plays a significant role in the following
secondary particles generation [17, 42, 43, 47–50]. There-
fore, the polarization process of emitted γ-photons during
laser-plasma interaction is still an open question.
In this paper, highly-polarized high-energy brilliant γ-
rays generated via laser-plasma interaction are studied
in the quantum radiation-reaction regime with currently
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2achievable laser intensities [21–27]. We implement the
electron spin and photon polarization algorithms into
the two-dimensional (2D) particle-in-cell (PIC) EPOCH
code [66, 67] in the local constant field approximation
[34, 37, 38, 41, 42] to describe spin-resolved electron dy-
namics semiclassically and photon emission and polariza-
tion quantum mechanically. We first consider a commonly-
used experimental setup: an ultrastrong LP laser pulse
irradiating on a near-critical-density (NCD) hydrogen
plasma followed by an ultrathin planar aluminum (Al)
target; see the interaction scenario in Fig. 1. The electrons
in plasma are first accelerated by the driving laser pulse
to ultrarelativistic energies, and then head-on collide with
reflected laser pulse by the Al target, emitting abundant
LP γ-photons via nonlinear Compton scattering with an
average polarization of about 70%, energy up to hundreds
of MeV and brilliance of the scale of 1021 photons/(s mm2
mrad2 0.1% BW) for the given parameters. Moreover,
as a conical gold (Au) target filled with NCD hydrogen
plasma is employed instead of the NCD plus planar one,
the polarization degree, collimation and brilliance of emit-
ted γ-rays are all significantly improved because of the
impact of laser-driven strong quasi-static magnetic field;
see the interaction scenario in Fig. 4(a). Compared with
the laser-electron beam interaction [41], this scenario is
more accessible, since only a single laser beam is required.
Besides, we also show the impact of the laser and target
parameters on the γ-ray polarization and brilliance.
II. SIMULATION METHOD
In this work, we consider the laser-plasma interac-
tion in the quantum radiation-reaction regime, which
requires a large nonlinear QED parameter χe ≡
|e|√−(Fµνpν)2/m3 & 1 [45, 68]. And, the multiphoton
Breit-Wheeler pair production is characterized by another
nonlinear QED parameter χγ ≡ |e|
√
−(Fµνkνγ)2/m3
[17, 45]. Here, p and kγ are the 4-momenta of electron
and photon, respectively, e and m the electron charge
and mass, respectively, and Fµν the field tensor. As the
electron head-on collides with the laser, one can estimate
χe ≈ 2a0γeω0/m, with the electron Lorentz factor γe and
the invariant laser field parameter a0 = eE0/mω0. Here,
E0 and ω0 are the laser field amplitude and frequency,
respectively. Relativistic units with c = ~ = 1 are used
throughout.
We implement the electron spin and photon polarization
processes [34, 37, 38, 41, 42] into the 2D-PIC EPOCH
code [66, 67], in which we treat spin-resolved electron
dynamics semiclassically, photon emission and pair pro-
duction quantum mechanically in the local constant field
approximation [17, 45, 69, 70], which is valid at a0  1.
At each simulation step, the photon emission and polar-
ization are both electron-spin-dependent and calculated
by following the Monte Carlo algorithms [34, 41, 42], de-
rived in the leading order contribution with respect to
1/γe via the QED operator method of Baier-Katkov [71].
Meanwhile, the photon polarization is represented by the
Stokes parameters (ξ1, ξ2, ξ3), defined with respect to
the axes eˆ1 = aˆ − vˆ(vˆaˆ) and eˆ2 = vˆ × aˆ [72], with the
photon emission direction nˆ along the electron velocity
v for the ultrarelativistic electron (the emission angle
∼ 1/γe  1), vˆ = v/|v|, and the unit vector aˆ = a/|a|
along the electron acceleration a. On detecting the mean
polarization of a γ-photon beam, one must first normalize
the Stokes parameters of each photon to the same observa-
tion frame (oˆ1, oˆ2, nˆ), i.e., rotate the Stokes parameters
of each photon from its instantaneous frame (eˆ1, eˆ2, nˆ) to
the same observation frame (oˆ1, oˆ2, nˆ), and then, calcu-
late the average Stokes parameters of the γ-photon beam
[41, 42, 72].
After the photon emission the electron spin state is de-
termined by the spin-resolved emission probabilities and
instantaneously collapsed into one of its basis states de-
fined with respect to the instantaneous spin quantization
axis (SQA), which is chosen according to the particular
observable of interest: to determine the polarization of
the electron along the magnetic field in its rest frame,
the SQA is chosen along the magnetic field nB = vˆ× aˆ
[34, 37]; in the case when the electron beam is initially
polarized with the initial spin vector Si, the observable
of interest is the spin expectation value along the initial
polarization and the SQA is chosen along that direction
[41]. Between photon emissions, the spin precession is
governed by the Thomas-Bargmann-Michel-Telegdi equa-
tion [73–75]. One can, alternatively, use the Cain code
[76] to obtain uniform results.
As emitted high-energy γ-photons further interact with
the strong laser fields, electron-positron pairs could be pro-
duced due to multiphoton Breit-Wheeler process [43–46],
and the pair production probabilities depend on the pho-
ton polarization [17, 43, 47–50], which can be calculated
by following the Monte Carlo method [42].
III. POLARIZATION OF γ-RAYS GENERATED
VIA LASER-PLASMA INTERACTION
A. Planar target
We first consider a commonly-used experimental setup:
an ultrastrong LP laser pulse irradiates on a NCD hydro-
gen plasma followed by an ultrathin planar Al target; see
the interaction scenario in Fig. 1. Electrons in plasma are
accelerated to ulrarelativistic energies, and then head-on
collide with reflected laser pulse by the Al target, emitting
abundant LP high-energy γ-photons. To maximize the
reflection of the driving laser pulse, the thickness of the
Al target should be larger than the laser piston depth
[77]. Actually, as emitted γ-photons penetrate through
the Al target, a proper thickness can also mitigate the
bremsstrahlung and Bethe-Heitler pair production, which
usually requires the thickness in the order of mm [78, 79].
Employed simulation box is x× y = 40λ0 × 30λ0, and
3FIG. 1. Scenario of generating LP γ-rays via nonlinear
Compton scattering. An ultrastrong LP laser pulse, polarizing
along y axis and propagating along x direction, irradiates on
a NCD hydrogen plasma followed by an ultrathin planar Al
target. Laser-driven ultrarelativistic electrons in plasma head-
on collide with reflected laser pulse by the Al target, emitting
LP high-energy γ-photons, which can penetrate through the
Al target and propagate forwards.
corresponding cells are 1000 × 750. The LP laser pulse
injected from the left boundary polarizes along y axis and
propagates along x direction with wavelength λ0 = 1µm
and normalized intensity a = a0exp[-(t − t0)2/τ2]exp(-
y2/w20), where focal radius w0 = 5λ0, pulse duration
τ = 9T0 with laser period T0, corresponding full-width-
at-half-maximum (FWHM) τ ′ = 2
√
ln2τ ≈ 15T0, and
employed time delay t0 = τ . A solid planar Al target with
electron density nAle = 702nc and thickness dAl = 1µm
is placed at 20µm from the right boundary, where the
plasma critical density nc = mω20/4pie2 ≈ 1.1×1021 cm−3.
The left side of the Al target is filled with NCD hydrogen
plasma with electron density ne = 5nc and thickness
dp = 10µm. The numbers of macro-particles in each
cell are 100 for electrons and 20 for H+ and Al3+ (fully
ionized), respectively.
Distributions of the density and linear polarization
of emitted γ-rays are illustrated in Figs. 2(a) and (b),
respectively, with the laser peak intensity I0 ≈ 1.38×1022
W/cm2 (a0 = 100) [21–27]. High-energy γ-photons of
εγ & 100 MeV are mainly emitted forwards, and two
density peaks arise near θ ≈ ±21◦, since θ ∝ aR/γe ∝
aR/εγ (the electrons interact with reflected laser pulse
with invariant intensity parameter aR, and aR ∝ a0),
as shown in Fig. 2(a), which is in excellent agreement
with other simulations [80]. The linear polarization of
γ-photons is characterized by the Stokes parameters ξ1
and ξ3 [41, 42, 72]. As we employ the basis vector of the
observation frame oˆ1 in the polarization y-x plane of the
driving laser, according to the fact that γ-photons are
mainly emitted in the polarization plane, ξ1 is negligible
and ξ3 is given in Fig. 2(b): at same polar angle the linear
polarization ξ3 for higher-energy γ-photons is relatively
larger. The average linear polarization ξ3 ≈ 0.68 and
partial ξ3 can achieve up to 0.73. In nonlinear Compton
scattering the circular polarization defined by ξ2 requires
initially longitudinally spin-polarized electrons [41] and
is negligible here.
To show the results in Figs. 2(a) and (b) more visible,
we sum over εγ to obtain angle-resolved number and
FIG. 2. (a) Angle-resolved density of emitted γ-rays
log10[d2Nγ/(dεγdθ)] (MeV−1 mrad−1) vs the γ-photon en-
ergy εγ and the polar angle θ. (b) Linear polarization ξ3 of
emitted γ-photons vs εγ and θ. In (a) and (b), a0 = 100.
(c) and (d): dNγ/dθ and average linear polarization ξ3 vs θ,
respectively, calculated by summing over εγ in (a) and (b), re-
spectively. (e) dNγ/dεγ calculated by summing over θ in (a) vs
εγ . The red, blue and black curves in (c)-(e) indicate the cases
of a0 = 50, 100 and 150, respectively. Only γ-photons with
εγ ≥ 1 MeV are counted. Other laser and target parameters
are given in the text. (f) ξ3 vs χe and εγ/εe.
linear polarization of emitted γ-photons; see the blue
curves in Figs. 2(c) and (d), and the energy density by
summing over θ in Fig. 2(a) is shown in Fig. 2(e). In
Figs. 2(c)-(e) the impact of the driving laser intensity a0
is studied. In ultrastrong laser fields, the number of the
formation length in one laser period T0 is proportional to
the laser intensity, and the photon emission probability in
each formation length is proportional to the fine structure
constant α [28, 45], thus, the number of emitted γ-photons
Nγ ∝ NeαaRτ/T0 ∝ a0, where Ne is the electron number.
As a0 increases from 50 to 150, Nγ continuously rises
up; see Fig. 2(c). εγ ∝ εeχe, where the electron energy
εe ∼ a0 (i.e., a stronger driving laser could accelerate the
electrons to higher energies) and χe ∝ aRγe ∝ a0εe, thus,
as a0 increases, εγ increases as well; see Fig. 2(e).
We underline that ξ3 monotonically decreases with the
increase of a0, as shown in Fig. 2(d). The physical reason
is analyzed as follows. The Stokes parameter ξ3 sensi-
tively relies on the parameters χe and εγ/εe (see the
analytical expression of ξ3 in Refs. [41, 42]), as demon-
strated in Fig. 2(f). As χe increases in the considered
region, ξ3 declines continuously; as εγ/εe rises up, ξ3
first increases slightly and then gradually decreases to
0. Consequently, as a0 ∝ χe increases, ξ3 declines in
Fig. 2(d), i.e., lower-intensity driving laser pulses can gen-
4FIG. 3. (a) and (b): dNγ/dθ and ξ3 vs θ, respectively, for
the cases of ne = 2nc (red), 5nc (blue) and 10nc (black). (c)
and (d): dNγ/dθ and ξ3 vs θ, respectively, for the cases of
τ = 6T0 (red), 9T0 (blue) and 12T0 (black). a0 = 100 and
other laser and target parameters are the same with those in
Fig. 2.
erate higher-polarization (but lower-brilliance) γ-photons.
For the case of a0 = 100, the radius and duration of
emitted γ-ray beam are wγ ≈ w0 and τγ ≈ τ , respec-
tively. The angular divergences (FWHM) are approxi-
mately 1.74× 1.74 rad2, 1.47× 1.47 rad2, 1.39× 1.39 rad2
and 1.36× 1.36 rad2 for εγ ≥ 1 MeV, 10 MeV, 100 MeV
and 200 MeV, respectively. Corresponding brilliances are
0.67 × 1021, 2 × 1019, 7 × 1018 and 2 × 1017 photons/(s
mm2 mrad2 0.1% BW) for εγ = 1 MeV, 10 MeV, 100
MeV and 200 MeV, respectively. It is obvious that the
brilliance ∝ Nr ∝ a0. For the given parameters multipho-
ton Breit-Wheeler pair production probabilities during
γ-photons interacting with the laser fields are rather low,
since χγ  1.
For the experimental feasibility, the impact of the laser
and plasma parameters on the density and polarization
degree of emitted γ-photons is investigated in Fig. 3. For
instance, as the plasma density ne or the driving laser
pulse duration τ increases, Nγ ∝ NeαaRτ/T0 ∝ neτ rises
up accordingly; see Figs. 3(a) and (c). However, for the
NCD plasma, ξ3 changes slightly with the variations of ne
and τ ; see Figs. 3(b) and (d). Note that as ne increases
from 2nc to 10nc, the opacity of the plasmas increases
as well and the laser propagation becomes more and
more unstable, which results in an asymmetric angular
distribution of emitted γ-rays [57], as shown in Fig. 3(a).
Meanwhile, in plasma the driving laser pulse pushing
the electrons in the low-density region forwards can yield
a high-density region, where unstable laser propagation
further induces asymmetric γ-photon emissions. This
effect gets severer as the laser pulse duration τ gets longer,
as shown in Fig. 3(c).
FIG. 4. (a) Scenario of generating LP γ-rays via an ultra-
strong LP laser pulse, polarizing along y axis and propagating
along x direction, interacting with a conical Au target filled
with NCD hydrogen plasma. The red and blue areas inside the
cone indicate the quasi-static magnetic fields along +z and −z
direction, respectively, caused by the driving laser pulse. (b)
log10[d2Nγ/(dεγdθ)] (MeV−1 mrad−1) vs εγ and θ. (c) ξ3 vs
εγ and θ. (d) dNγ/dθ (black) and ξ3 (red) vs θ, respectively,
calculated by summing over εγ in (b) and (c), respectively.
(e) dNγ/dεγ calculated by summing over θ in (b) vs εγ . Only
γ-photons with εγ ≥ 1 MeV are counted. The results in (b)-(e)
are at t = 110T0, when the interaction has finished. The laser
parameters are the same with those in Figs. 2(a) and (b), and
the target parameters are given in the text.
FIG. 5. Comparisons of the results between the conical-target
case (blue) in Fig. 4 and the planar-target case (red) in Fig. 2,
employing the same driving laser pulse. (a) and (b): dNγ/dθ
and ξ3 vs θ, respectively.
B. Conical target
To improve the polarization, collimation and brilliance
of emitted γ-rays, we employ a conical Au target filled
with NCD hydrogen plasma, instead of the planar target
in Figs. 1 and 2; see the interaction scenario in Fig. 4(a).
The front and rear surfaces of the cone are open. As an ul-
traintense LP laser pulse irradiates on the NCD hydrogen
plasma inside of Au cone, almost all bulk electrons are
5FIG. 6. Left and right columns: dNγ/dθ and ξ3 vs θ,
respectively. The red, blue and black curves indicate in (a)
and (b) a0 = 50, 80 and 100, respectively; in (c) and (d) ne =
2nc, 5nc and 10nc, respectively; in (e) and (f) τ = 6T0, 9T0
and 12T0, respectively; in (g) and (h) R2 = 2λ0, 3λ0 and 4λ0,
respectively. Other laser and target parameters are the same
with those in Fig. 4.
pushed forwards and excite a strong quasi-static magnetic
field Bp [57, 62]. The maximum intensity of the magnetic
field can be estimated as Max(Bp)' 4pi|e|βeneR, which
is of the same order of the magnetic field of the driving
laser [57]. R and βe denote the radius of the cone and
the electron velocity scaled by the light speed in vacuum.
For the plane-wave case, the transverse electric field E⊥
can almost cancel v ·B with the magnetic field B, and
consequently, χe is rather small and the photon emis-
sions are very weak. While, in the conical-target case
with a strong quasi-static magnetic field Bp, χe ∝ Bp
greatly increases, thus, subsequent γ-photon emissions
are significantly enhanced. Moreover, since most photons
are emitted at the edge of the cone, where the tansverse
velocities of electrons are close to 0, the angular spread
of the γ-ray beam is narrowed [57].
In Fig. 4 the simulation box is x× y = 110λ0 × 20λ0,
and corresponding cells are 2750×500. A solid conical Au
target with electron density nAue = 100nc and thickness
dAu = 1µm is located in the region from 5λ0 to 75λ0 in
the x axis. The left and right opening radii of the cone
are R1 = 7λ0 and R2 = 3λ0, respectively. The Au cone is
filled with NCD hydrogen plasma with density ne = 5nc.
The numbers of macro-particles in each cell are 100 for
electrons and 20 for H+ and Au2+ (partially ionized),
respectively.
The density and linear polarization of emitted γ-
photons in the conical-target case are represented in
Figs. 4(b)-(e), and comparisons of the results between the
conical-target case in Fig. 4 and the planar-target case in
Fig. 2, employing the same driving laser pulse, are illus-
trated in Fig. 5. In the conical-target case, most photon
emissions are induced by the quasi-static magnetic field
at the edge of the cone, which is weaker than reflected
laser field in the planar-target case. Thus, for the for-
mer χe is smaller, and consequently, ξ3 is larger (see the
analysis on the relationship of ξ3 to χe in Fig. 2(f)), as
shown in Fig. 5(b). ξ3 ≈ 0.71 and partial ξ3 can achieve
up to about 0.81 for the given parameters. The angular
divergences (FWHM) are approximately 0.35× 0.35 rad2,
0.31 × 0.31 rad2, 0.28 × 0.28 rad2, 0.24 × 0.24 rad2 for
εγ ≥ 1 MeV, 10 MeV, 100 MeV and 200 MeV, respectively.
The corresponding brilliances are 1.29× 1021, 1.10× 1021,
0.92× 1020 and 1.5× 1019 photons/(s mm2 mrad2 0.1%
BW) for εγ = 1 MeV, 10 MeV, 100 MeV and 200 MeV,
respectively. Even though the target parameters are not
exactly the same for these two cases, the collimation
and brilliance of emitted γ-photons are both qualitatively
improved in the conical-target case.
The impact of the laser and target parameters on the
density and polarization of emitted γ-rays is investigated
comprehensively in Fig. 6. As a0 or τ increases, Nγ ∝
neBpτ ∝ nea0τ increases as well, as shown in Figs. 6(a)
and (e), however, ξ3 decreases due to the increase of
χe ∝ Bpγe ∝ a0neτ (γe ∝ τ , i.e., the electrons obtain
more energies in longer laser pulses), as shown in Figs. 6(b)
and (f). The increase of ne can enhance the opacity of
the plasma, and the interaction regime will transit from
relativistically transparent to relativistically NCD. For
instance, as ne rises up continuously from 2nc to 10nc,
the stochastic electron heating is enhanced (the charge
separation field and the quasi-static magnetic field become
stronger) and the electron acceleration is weakened (γe
declines), thus, χe ∝ γene first rises up due to the increase
of ne and then goes down because of the decrease of γe,
which results in corresponding variations of Nγ and ξ3 in
Figs. 6(c) and (d). As the rear radius of the conical target
R2 rises up, the laser focusing effect is weakened, which
induces the decrease of the strength of the quasi-static
magnetic field Bp and χe ∝ Bp. Therefore, Nγ ∝ Bp
declines in Fig. 6(g) and ξ3 increases in Fig. 6(h).
IV. CONCLUSION
Generation of highly-polarized high-energy brilliant
γ-rays is studied via employing a single-shot ultraintense
LP laser pulse interacting with solid planar and conical
targets filled with NCD plasma in the quantum radiation-
6reaction regime, and with currently achievable laser
intensities emitted γ-rays can reach an average linear
polarization of about 70%, energy up to hundreds of
MeV and brilliance of the scale of 1021 photons/(s mm2
mrad2 0.1% BW), which can be applicable in high-energy
physics and astrophysics. Moreover, those considered
interaction regimes are confirmed to be robust with
respect to the laser and target parameters.
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